Our previous work has demonstrated that microcystin-leucine arginine (MC-LR) is a potent toxin for the reproductive system of male mice and it exerts cytotoxicity in spermatogonial cells, resulting in the constitutional and functional changes of the mouse testis. The present study was designed to investigate the functions of P-element-induced wimpy (piwi)-interacting RNAs (piRNAs) in MC-LR-induced reproductive toxicity in male mice. We observed an increase in the mmu_piR_003399 level in spermatogonial cells and mouse testicular tissues following treatment with MC-LR. Moreover, our data confirmed that cyclin-dependent kinase 6 (CDK6) was the target gene of mmu_piR_003399. Increases in the concentration of mmu_piR_003399 were correlated with the reduced expression of CDK6 both in vitro and in vivo. mmu_piR_003399 induced cell cycle arrest at the G1-phase, down-regulated sperm counts and sperm motility, and compromised sperm morphology. On the contrary, suppressing the expression of mmu_piR_003399 could substantially attenuate MC-LR-induced pathology in mice including cell cycle arrest, reduced mature sperm counts, sperm viability loss and abnormal sperm morphology. Furthermore, our data supported that mmu_piR_003399 existed in mouse serum and plasma, and its level was increased in MC-LR-treated mice.
primary spermatocytes) after exposure to MC-LR at higher concentrations (lmol/l scale) . Furthermore, MC-LR induces enhanced apoptosis and impaired proliferation of spermatogenic cells in vivo . Nevertheless, the molecular mechanisms of the reproductive toxicity of MC-LR remain to be clarified. It is thus worthy to investigate the mechanism underlying MC-LR-mediated toxicity induction in germ cells.
P-element-induced wimpy (piwi)-interacting RNAs (piRNAs) are a novel class of small noncoding RNAs of 26-32 nucleotides (nt) in length (Slotkin and Martienssen, 2007) . The piRNAs are modified at 3 0 termini by 2 0 -O-methylation, and processed by piwi-clade argonaute proteins. In mammals, piRNAs are highly abundant in the testis, the male gonad for spermatogenesis. Mutation of the piRNA pathway genes in mice, including those encoding the piwi family and accessory proteins, leads to male sterility (Deng and Lin, 2002) . The piwi proteins belong to the argonaute family, and are specifically expressed during the development of the animal germline. The piwi/piRNA machinery functions in transposon silencing, maintenance of genome integrity, DNA methylation, epigenetic regulation, and germline development (Hirakata and Siomi, 2016) . Nevertheless, few studies have been conducted in view of the function of piRNAs in the mouse reproductive system after exposure to environmental toxins. Some previous studies on various tumor types confirmed that dysregulated piRNAs are involved in carcinogenesis (Ng et al., 2016) . In addition, our previous study has demonstrated that the expression piRNAs is altered in the testis of male offspring of the mice that have been exposed to MC-LR. We speculated that MC-LR could induce passive reproductive toxicity in the male offspring through regulating piRNA levels . However, the underlying molecular mechanisms associated with piRNAs and the MC-LR-induced reproductive toxicity remain unclear. Thus, the aim of the present study was to investigate the effect of MC-LR on piRNA expression in the GC-1 cells and the testis, and whether this could provide a mechanistic explanation for MC-LR-induced reproductive toxicity.
MATERIALS AND METHODS
Main chemicals. MC-LR with a purity of !95% was purchased from Alexis Biochemicals (Lausen, Switzerland). MC-LR was dissolved in methanol at 10 mg/ml followed by dilution to 1 mmol/ l in PBS as the stock solution which was kept at À20 C and used within 6 months. Dulbecco's Modified Eagle's medium (DMEM), penicillin, streptomycin sulfate and Bouin's solution were purchased from Sigma-Aldrich (St Louis, Missouri, USA). The FBS was purchased from Dojindo Molecular Technologies (Kumamoto, Japan). The dual-luciferase reporter assay system was purchased from Promega (Madison, Wisconsin, USA). SYBR GreenER qRT-PCR kit and lipofectamine 2000 were purchased from Invitrogen (Shanghai, China). qRT supermix for qRT-PCR was obtained from Vazyme (Jiangsu, China). Stem-loop RT primer and primer pairs were purchased from Genscript (Jiangsu, China) (Supplementary Tables 1 and 2 ). The cel-miR-39 and its primers were obtained from Ribobio (Guangzhou, China). Mouse anticyclin-dependent kinase 6 (CDK6), rabbit antipiwi-like RNA-mediated gene silencing 2 (mili), rabbit antipiwi-like RNA-mediated gene silencing 1 (miwi), mouse antiretinoblastoma tumor suppressor protein (Rb), rabbit antiphosphoRb (p-Rb), and rabbit antiGAPDH were purchased from Abcam (Cambridge, Massachusetts, USA). Horseradish peroxidaseconjugated goat-antirabbit/mouse IgG purchased from Boster (Wuhan, China) was used as the secondary antibody. The piRNA inhibitor, piRNA mimic, their negative controls (NCs), lentiviral vector-pGLV-CDK6-GFP-puro (LV-CDK6), lentiviral vector-NC (LV-NC) and lentiviral vector-pGLV-piRNA-GFP-puro (LVpiRNA) were purchased from Genechem (Shanghai, China) (Supplementary Table 3 Table S4 ). 4 groups of mice were each intraperitoneally injected with MC-LR at 7.5, 15, or 30 lg/kg body weight, or an identical volume of 0.9% saline every day for 2 weeks. Mice in the other 4 groups each first received 8 ll of LV solution containing LV-CDK6, LV-NC or LV-piRNA (Supplementary Table 3) via efferent duct injection (Supplementary Figure 1) . The concentration of the LV solution was 1 Â 10 9 transducing units/ml.
1 week later, the mice in groups 5 and 6 were intraperitoneally injected with MC-LR at 15 lg/kg body weight daily for 2 weeks. Mouse plasma and serum samples were collected from infraorbital plexus of the mice and stored at room temperature at least for 30 min. The plasma and serum were then obtained by centrifugation (3000 rpm, 10 min). Testicular tissues were collected immediately after blood collection.
Cell culture and treatment. Mouse GC-1 cells were obtained from Prof. Zuoming Zhou (Nanjing Medical University, Jiangsu, China). GC-1 cells were grown at 37 C in a humidified 5% CO 2 atmosphere in DMEM containing 10% FBS. Cells were subcultured every 2 days. GC-1 cells were cultured either in the absence or presence of MC-LR at various concentrations (62.5, 125, 250, 500, 1000, or 2000 nM) . Control cells were treated with an identical volume of the diluent. All the in vitro experiments were repeated 3 times. The cells were transfected with piRNA mimic, mimic control, inhibitor and inhibitor control using Lipofectamine 2000 for 6 h according to the manufacturer's transfection protocol. Next, the cells were incubated without or with MC-LR (500 nM) for 24 h in DMEM supplemented with 10% FBS.
For preparing LV-infected GC-1 cells, approximately 5 Â 10 5 cells were plated into each well of 6-well culture plates and incubated for 24 h in DMEM supplemented with 10% FBS at 37 C and 5% CO 2 . Next, 10 ll of the LV solution was added to each well and the cells were incubated for 12 h. Cells were next incubated for 2 days in DMEM supplemented with 10% FBS.
Illumina high-throughput sequencing. Total RNA was extracted from GC-1 cells using TRIzol reagent (Takara, Dalian, China) according to the manufacturer's instructions. After purification of RNA molecules smaller than 45 nt by polyacrylamide gel electrophoresis, the 5 0 and 3 0 -RNA adaptors were ligated to the 5 0 and 3 0 ends of the RNAs. The small RNA molecules were then transcribed to single-stranded cDNA and amplified using the adaptor primers. The PCR products were supplied for the cluster generation and sequenced using HiSeq 2000 System (TruSeq SBS KIT-HS V3, Illumina) at Beijing Genomics Institute (Shenzhen, China). Image files generated by the sequencer were processed to produce digital-quality data. RNA isolation and qRT-PCR assays. Total RNAs from GC-1 cells and mouse testis were extracted using TRIzol reagent. For liquid samples (plasma and serum), RNAs were isolated from all samples by using the miRNeasy kit (Qiagen, Shanghai, China) according to the manufacturer's protocol. The qRT-PCR assays were conducted on the LightCycler 480 RT-PCR system (Roche, Shanghai, China) according to the manufacturer's instructions. We have provided a detailed description of the method in the Supplementary Material.
Cell viability assay. Purified cells were digested and plated in a 96-well culture plate at 1 Â 10 4 cells per well and cultured in the serum-free growth medium. 10 ll of CCK-8 solution was added to each well and the cells were incubated at 37 C for a further 2 h. Absorbance, expressed as optical density, was measured at 450 nm with a multidetection micro plate reader (Versamax, Chester, Pennsylvania).
Western blot. Total protein was isolated from the cells following various treatments. Briefly, protein concentration was determined by the Bradford method. We have provided a detailed description of the method in the Supplementary Material.
Immunohistochemistry. The testes of mice were fixed, embedded, and cut into sections based on previously established protocols with slight modification (Chen et al., 2017) . We have provided a detailed description of the method in the Supplementary Material.
RNA-binding protein immunoprecipitation. RNA was isolated from GC-1 cells by using the RNA-binding protein immunoprecipitation (RIP) Kit (Merck Millipore, Germany) according to the manufacturer's protocol (Supplementary Figure 2) . We have provided a detailed description of the method in the Supplementary Material.
Flow cytometric analysis. Cells (1 Â 10 5 ) were collected and fixed in 75% ethanol at À20 C overnight. The cells were then harvested, treated with RNase A (100 ng/ml) for 30 min, and stained with propidium iodide (50 ng/ml) for 15 min. After staining, samples were analyzed for cell cycle distribution with a MoFlo XDP flow cytometer (Beckman Coulter, Brea, California). Data were analyzed using Flow Jo. Experiments were performed independently at least thrice in duplicates.
Dual-luciferase reporter assay. Luciferase assays were carried out to confirm the interaction between mmu_piR_003399 and the 3 0 -UTR of CDK6 (Table S5 ) using the pmirGLO Vector. We have provided a detailed description of the method in the SI.
Histopathological evaluation. Testes were fixed by immersion in Bouin's fixative for 24 h and subsequently transferred to 70% ethanol until processing. Fixed tissues were then dehydrated in graded ethanol, cleared in xylene, and mounted in paraffin, followed by sectioning at 5 lm and staining with hematoxylin and eosin for light microscopy. Histopathological damage was assessed by examination of 50 seminiferous tubule cross sections per testis, and evaluated by a board-certified pathologist (W.D.D.) who was blinded to the treatments.
Sperm motility measurement, sperm counts, and sperm morphology assessment. Sperms were collected as quickly as possible after sacrifice. We had 6 mice in each treatment group. The testis and epididymis were dissected out, cleaned of adherent fat, and weighed. The caudae epididymis was minced in PBS at 37 C for 20 min and sperm suspensions were prepared. The suspensions were filtered through an 80-mm nylon mesh, and the filtrates were used as described below. The person who counted the sperms was blinded to treatment. The data are shown in Supplementary Tables 6 and 7 . We have provided a detailed description of the method in the Supplementary Material.
Statistical analysis. All calculations and statistical analyses were performed using SPSS for windows version 13.0. One-way analysis of variance was used to analyze the difference between groups, followed by Dunnett's t-test. p < .05 is regarded as statistically significant.
RESULTS
mmu_piR_003399 Is Most Robustly Increased in GC-1 Cells After Exposure to MC-LR GC-1 cells were cultured either in the absence or presence of MC-LR at various concentrations. Cell viability was decreased at an MC-LR concentration of 500 nM or above, which became more pronounced with time ( Supplementary Figure 3) . Next, we analyzed the RNA from GC-1 cells treated with 500 nM MC-LR for 24 h. After the adapter sequences were trimmed, 10 824 057 and 11 566 902 small RNA reads that were smaller than 45 nt were obtained from control and MC-LR-treated cells, respectively. We identified 220 unique reads (from a total of 244 066 reads) present in control GC-1 cells and 230 unique reads (from a total of 359 871 reads) present in MC-LR-treated cells (Figure 1 ).
All differentially expressed piRNAs are listed in Table S8 . piRNAs with changes (> 1.33-fold change or < À1.33-fold change, reads > 4) were selected for further qRT-PCR analyses and to obtain a deeper insight into their differential expression (Supplementary Figure 4) . In this study, mmu_piR_003399 was chosen for further investigation, as the expression of mmu_piR_003399 was most robustly increased in GC-1 cells after exposure to MC-LR by qRT-PCR.
CDK6 Is Directly Regulated by mmu_piR_003399
First, to determine the specificity of the primer set, the notemplate control for mmu_piR_003399 was assessed simultaneously. The piRNA was consistently and efficiently amplified, while the no-template control required a much higher cycle range to be amplified, confirming the specificity of the detection of mmu_piR_003399 by qRT-PCR in GC-1 cells (Supplementary Figure  5A) . The dissociation curve analysis showed that there was only 1 peak in each dissociation curve ( Supplementary Figs. 5B-D) . Next, TA cloning combined with sequencing was performed to confirm the qRT-PCR results. The sequences of the products were shown to be completely identical to the sequences of mmu_piR_003399 (Supplementary Figure 5E) . These results ruled out the presence of primer-dimers or nonspecific products.
The expression of mmu_piR_003399 was up-regulated after exposure to an MC-LR concentration of 500 nM or above ( Figure 2A ). The regulation of protein-coding genes by piRNAs has been suggested by recent studies. piRNA induces mRNA deadenylation and decay through imperfectly base pairing with specific sites in the 3 0 -UTR of target transcripts (Gou et al., 2014; Watanabe et al., 2015) . We hypothesized that altered expression of piRNAs in GC-1 cells after MC-LR treatment would affect the expression of downstream target genes. Using the miRanda (John et al., 2004) program, we searched for potential targeting sites of mmu_piR_003399 within the 3 0 -UTRs of mRNAs. CDK6
stood out as one of the target mRNAs of mmu_piR_003399. We observed down-regulated expression of CDK6 after exposure to MC-LR ( Figure 2B ). The binding site for mmu_piR_003399 in the 3 0 -UTR of CDK6 is shown in Figure 2C .
We next tried to confirm the binding of mmu_piR_003399 to the 3 0 -UTR of CDK6 in 293 T cells using the dual-luciferase reporter gene assay system. CDK6 3 0 -UTR and CDK6 3 0 -UTR with mutations in the predicted mmu_piR_003399 binding site were cloned separately into the luciferase reporter system (pmirGLO vector). The pmirGLO vectors were then co-transfected with either mmu_piR_003399 mimic or its NC. Luciferase activity of the system containing wild-type, but not mutated, CDK6 3 0 -UTR was substantially decreased after co-transfection with mmu_piR_003399 ( Figure 2D ), which supported the prediction that CDK6 was the target gene of mmu_piR_003399. It was reported that the piwi complex harbors both piRNAs and mRNAs. The piwi proteins are small RNA-guided nucleases that can catalyze cleavage of target nucleic acids identified by base-pair interactions. In this study, we isolated mili/RNA complexes and miwi/RNA complexes in GC-1 cells by RIP with an antimiwi or antimili antibody. The mili and miwi proteins were expressed in the GC-1 cells, and the protein bound to beads during RIP process ( Figure 2E ). We could confirm the presence of both mmu_piR_003399 and the mRNA of CDK6 in mili and miwi protein complexes ( Figure 2F ).
mmu_piR_003399 Regulates the Proliferation of GC-1 Cells via the CDK6-Rb Pathway An increase of mmu_piR_003399 and a decrease of CDK6 in GC-1 cells were found after exposure to MC-LR (Figs. 3A and 3B ). CDK6 phosphorylates Rb and inhibition of CDK6 could lead to cell cycle arrest (Knudsen and Knudsen, 2008) . We next tried to measure the protein expression of CDK6, p-Rb, and Rb, and the proliferation of GC-1 cells. The expression of CDK6 and p-Rb was consistently decreased in MC-LR-treated GC-1 cells ( Figure 3C ). The number of cells at G1-phase was increased after MC-LR exposure ( Figure 3D ). Furthermore, cell proliferation was decreased after MC-LR exposure ( Figure 3E) .
To examine the regulatory effects of mmu_piR_003399 and CDK6 on cellular functions, we transfected GC-1 cells with a piRNA inhibitor to suppress the expression of mmu_piR_003399 or piRNA mimic to enhance the expression of mmu_piR_003399. Overexpression of mmu_piR_003399 decreased the level of CDK6 and p-Rb, whereas down-regulation of mmu_piR_003399 increased the level of CDK6 and p-Rb, indicating that mmu_piR_003399 regulates CDK6 at the level of RNA stability and its translation (Figs. 3A-C) . Moreover, a decrease of cell proliferation was observed by the overexpression of mmu_piR_003399 in GC-1 cells (Figs. 3D and 3E ). We next confirmed that the expression of CDK6 and p-Rb was upregulated (Figs. 3A-C) and cell proliferation was increased (Figs. 3D and 3E) if intracellular mmu_piR_003399 was suppressed in cells treated with MC-LR.
We next determined whether decrease of CDK6 in GC-1 cells suppressed cell proliferation. Inhibition of CDK6 reduced the expression of p-Rb ( Figure 3C ). Down-regulation of CDK6 in GC-1 Figure 2 . CDK6 is directly regulated by mmu_piR_003399. The expression of mmu_piR_003399 (A) and CDK6 (B) was measured by qRT-PCR in GC-1 cells after exposure to various concentrations of MC-LR for 24 h. C, Nucleotide sequences of murine mmu_piR_003399 and the 3'-UTR of the CDK6 gene which encompasses the mmu_piR_003399 seed match region. D, Dual-luciferase reporter assay was carried out in 293 T cells following co-transfection of mmu_piR_003399 mimic (mimic) or its NC (mimic-NC) together with a wild-type CDK6 vector (WT), mutant CDK6 vector (MUT), or empty vector (empty) as indicated. Firefly luciferase activity was normalized based on the renilla luciferase activity. E, The presence of piwi-like RNA-mediated gene silencing 2 (mili) and piwi-like RNA-mediated gene silencing 1 (miwi) proteins in GC-1 cell lysate was confirmed by RNA-binding protein immunoprecipitation (RIP) using antimili or antimiwi antibodies, or normal rabbit IgG as the control antibody. The protein was next analyzed by western blot. F, The presence of mmu_piR_003399 and the mRNA of CDK6 was confirmed by RIP using anti-mili or -miwi antibodies, or normal rabbit IgG as the control antibody. The RNA was next analyzed by RT-PCR. mmu_piR_003399 and the mRNA of CDK6 were present in the input and immunoprecipitated fractions using anti-mili or -miwi antibodies, but not using normal rabbit IgG. Results are expressed as mean 6 SD (n ¼ 3). **p < .01. GC-1 cells were transfected with piRNA mimic (mimic), mimic-NC, inhibitor (inhibitor) or inhibitor negative control (inhibitor-NC) for 6 h followed by incubation without or with 500 nM MC-LR for 24 h. In some experiments, GC-1 cells were transfected with CDK6 down-regulation lentiviral vector (LV-CDK6) or lentiviral vector negative control (LV-NC) for 12 h followed by incubation for 2 days. Expression levels of mmu_piR_003399 (A) and CDK6 (B) in GC-1 cells were measured by qRT-PCR. C, Protein levels of CDK6, retinoblastoma tumor suppressor protein (Rb), p-Rb, and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in GC-1 cells were measured by western blot. Protein expression levels were quantified with ImageJ (lower panel). GAPDH was used as a loading control. D, Cell cycle analysis in GC-1 cells was performed by flow cytometry (lower panel). E, Measurement of cell viability was carried out with the CCK-8 assay. Results are expressed as mean 6 SD (n ¼ 3). **p < .01. cells also increased cell number at G1-phase ( Figure 3D ) and decreased cell proliferation of ( Figure 3E ).
MC-LR Contributes to Reproductive Toxicity In Vivo
Expression of mmu_piR_003399 and CDK6 was determined in testicular tissues from either control mice or mice that had been exposed to MC-LR. Expression of mmu_piR_003399 was increased ( Figure 4A ) and levels of CDK6 and p-Rb were decreased (Figs. 4B and 4C ) when higher concentrations of MC-LR (15 and 30 lg/kg) were delivered. Furthermore, the regulated expression of CDK6 in testicular tissues was confirmed by immunohistochemistry. Expression of CDK6 was decreased in testicular tissues following MC-LR exposure at 15 and 30 lg/kg ( Supplementary Figs. 6A-D) .
We further observed decreased paired testis/body weight index of the mice after exposure to MC-LR at 15 lg/kg and 30 lg/kg ( Figure 4D ). We assessed the number, motility and morphology of the sperms. Upon exposure to 15 lg/kg and 30 lg/kg MC-LR, the mice produced fewer sperms (Figs. 4E and 4F) , and demonstrated decreased numbers of progressively motile sperms ( Figure 4G ) and increased numbers of sperms with an abnormal morphology ( Figure 4H ).
The testes from the exposed mice were assessed by light microscopy. A testis section from the control mouse contained an array of developing germ cells with spermatids adjacent to the lumen of the seminiferous tubules and an intact seminiferous epithelium ( Figure 4I ). Tissue morphology after an exposure of 7.5 lg/kg MC-LR was indistinguishable from the control, with no evidence of damage or sloughing of germ cells ( Figure 4J ). In contrast, the testes after an exposure of 15 and 30 lg/kg MC-LR showed the following changes in seminiferous tubules: (1) formation of multinucleated giant cells, (2) abnormal positioning of germ cells within the epithelium, and (3) loss of germ cells (Figs. 4K and 4L ).
Mmu_piR_003399 Regulates MC-LR-Induced Reproductive Toxicity by Targeting CDK6
Mice were transfected either with LV-piRNA to down-regulate the expression of mmu_piR_003399, or with LV-NC as control. Next, mice were exposed to 15 lg/kg MC-LR. Levels of both CDK6 and p-Rb were up-regulated when mmu_piR_003399 was downregulated (Figs. 5A and 5C). Expression of CDK6 was increased compared with that in the LV-NC þ MC-LR mouse testis ( Supplementary Figs. 6E and 6F) . Moreover, the paired testis/ body weight index, sperm counts, and sperm motility values were increased and the sperm deformity index was lowered in the LV-piRNA þ MC-LR mice (Figs. 5D-H) . Accumulation of multinucleated giant cells and the disordered germ cell arrangement were observed in the LV-NC þ MC-LR mouse testis ( Figure 5I ). The testes of LV-piRNA þ MC-LR mice hardly showed any damage or sloughing of germ cells, which was indistinguishable from the tissues in mice without MC-LR exposure ( Figure 5J) .
Furthermore, the mice were transfected with LV-CDK6 to down-regulate the expression of CDK6. Down-regulation of CDK6 in the mouse testis suppressed the expression of p-Rb (Figs. 5B and 5C ). Decreased CDK6 levels were also observed by immunohistochemistry ( Supplementary Figs. 6G and 6H) . Down-regulation of CDK6 reduced the paired testis/body weight index, sperm counts, percentage of progressively motile sperms, and the percentage of sperms with normal morphology (Figs. 5D-H) . Furthermore, the multinucleated giant cells and abnormal positioning of germ cells within the epithelium were observed in the LV-CDK6 mouse testis compared with control (Figs. 5K and 5L ).
Mmu_piR_003399 Is Increased in Mouse Plasma and Serum after Exposure to MC-LR
A significant increase of mmu_piR_003399 in the serum and plasma was observed in mice after treatment with either 15 or 30 lg/kg MC-LR treatment (Figs. 6A and 6B ). Incubation of plasma or serum at room temperature for up to 24 h or up to 8 cycles of freeze-thawing (Figs. 6C and 6D) had minimal effect on levels of mmu_piR_003399.
Given that plasma and serum have been reported to contain high levels of RNase activity, we sought to determine whether the stability of piRNA was intrinsic to its small size or chemical structure, or whether the stability came from additional extrinsic factors. We introduced cel-miR-39, mmu_piR_003399 or water, into plasma or serum either before or after the addition of a denaturing solution that inhibits RNase activity ( Figure 6E ). celmiR-39 and mmu_piR_003399 were rapidly degraded following direct addition to plasma or serum, as compared with its addition to plasma or serum that had received a denaturing reagent (Figs. 6F and 6G) . These results could confirm the presence of RNase activity in plasma or serum, and suggested that mmu_piR_003399 in plasma or serum may be protected from degradation by binding to an unknown factor.
DISCUSSION
The World Health Organization published a guideline of 1 lg/l of MCs in drinking water, and established a tolerable daily intake guideline of 0.04 lg/kg/day. It is found out that the concentration of MCs in Lake Taihu in China reached 15.6 lg/l (Song et al., 2007) . MCs with varying concentrations from 10 to 500 lg/l were also detected in eutrophic lakes in America (Backer et al., 2010 ). An important exposure route for humans is through the contamination of drinking water with MC-LR. Moreover, MC-LR does not readily penetrate the cell membrane via simple diffusion but rather requires the presence of multispecific organic anion transporting polypeptides (Oatp) for active uptake. We have previously shown that Oatp1a5 can mediate the transfer of MC-LR into the gonadotropin-releasing hormone neurons (Ding et al., 2017) . We found out that Oatp1a5 was expressed in both sertoli cells and spermatogonial cells, and MC-LR could enter into sertoli cells and spermatogonial cells in vitro (Chen, et al., 2017) . Another study also showed a disruption of the blood-testis barrier integrity by MC-LR and confirmed the accumulation of MC-LR in the testis (Chen et al., 2016) . These results demonstrated that MC-LR may exert direct reproductive toxicity.
Mili and miwi are 2 of the piwi family proteins, which are expressed in the gonad of mice and regulate the spermatogenesis. Previous studies have revealed that mili and miwi are piRNA-guided endonucleases essential for piRNA biogenesis and retrotransposon repression (De Fazio et al., 2011) . Also, the role of piRNAs in mediating mRNA cleavage is evidenced in Caenorhabditis elegans (Lee et al., 2012) and Drosophila melanogaster (Brower-Toland et al., 2007) . In addition, a previous study reported miwi/piRNA-mediated mRNA cleavage events in the mouse testis and demonstrated the functional importance of the temporal cleavage of piRNA target mRNAs for spermiogenesis (Zhang et al., 2015) . Vourekas et al suggest that the size ranges of piRNAs that can bind to mili and miwi are 23-31 (peak at 26-27) and 25-33 (peak at 29-30) nt, respectively (Vourekas et al., 2012) . The length of mmu_piR_003399 is 29 nt, which falls between overlapping lengths. This may explain why mmu_piR_003399 could bind to both mili and miwi.
In this study, we found that CDK6 bound to mmu_piR_003399 by a 9-base pair region. However, many other Results are expressed as mean 6 SD. Bar ¼ 100 lm. **p < .01. predicated mRNAs can be matched to this 9-base pair region. We detected them in GC-1 cells following the exposure of MC-LR. However, little significant changes of these mRNAs were found. Moreover, when GC-1 cells were transfected with piRNA mimic to up-regulate the expression of mmu_piR_003399, or piRNA inhibitor to down-regulated the expression of mmu_piR_003399, only CDK6 levels were substantially modulated consistently. We also confirmed the binding of mmu_piR_003399 to the 3 0 -UTR of CDK6 using the dualluciferase reporter gene assay system. We confirmed that CDK6 was the target gene of mmu_piR_003399. CDK6 is a member of the cyclin-dependent kinase family which plays key roles in the cell-cycle transitions and phases of all eukaryotic organisms (Ekholm and Reed, 2000) . CDK6 can cause phosphorylation of the Rb protein. The Rb protein binds with the transcription factor E2F and lessens the transcription activity of E2F, which can promote cell cycle progression from G1 to S phase. The p-Rb releases E2F to induce E2F-target gene Figure 6 . MC-LR regulates the levels of mmu-piR-003399 in plasma and serum. Expression levels of mmu-piR-003399 in serum (A) or plasma (B) were measured by qRT-PCR after the mice were intraperitoneally injected with various concentrations of MC-LR. Expression levels of mmu-piR-003399 in serum (C) or plasma (D) after prolonged room temperature incubation or multiple freeze-thaw cycles were measured by qRT-PCR. E, The experimental procedures performed in F is indicated by a flow chart. cel-miR-39 (from C. elegans), mmu_piR_003399 or water (control) was added to aliquots of fresh serum (F) or plasma (G) followed by incubation at room temperature for 2 min. Expression of cel-miR-39 and mmu_piR_003399 was measured by qRT-PCR. Results are expressed as mean 6 SD. **p < .01.
expression (Knudsen and Knudsen, 2008) . Previously it has been revealed that CDK6-null mice have reduced cellularity in its thymus (Hu et al., 2009) . CDK6-deficient mice also have reduced numbers of red blood cells (Malumbres et al., 2004) . The CDK6 and p-Rb are decreased and a cell cycle arrest is found after MC-LR treatment, or overexpression of mmu_piR_003399, or down-regulation of CDK6 in GC-1 cells. Our data support the reduction of CDK6 and p-Rb as a plausible mechanism for MC-LRinduced cell proliferation inhibition. Moreover, we observed down-regulation of CDK6 reduced the paired testis/body weight index, sperm counts, numbers of progressively motile sperms, and the numbers of sperms with normal morphology. On the contrary, suppressing mmu_piR_003399 could substantially attenuate MC-LR-induced cell cycle arrest through increasing the expression of CDK6 in vitro. Suppressing the expression of mmu_piR_003399 also protected MC-LR-induced decrease of sperm counts and sperm motility, and compromised normal sperm morphology in vivo.
Recent reports have revealed that piRNAs play important roles in the epigenetic regulation of cancers and other diseases, suggesting that piRNAs can serve as potential diagnostic markers in these disorders (Mei et al., 2013) . Interestingly, circulating miRNAs as biomarkers have attracted increasing attention in recent years (Esteller, 2011) . Circulating miRNAs are resistant to exogenous RNase treatment and can withstand long-term storage at room temperature and multiple freeze-thaw cycles (Mitchell et al., 2008) . Peng et al. (2016) reported that plasma miRNAs are promising biomarkers of rat retinal toxicity. Meanwhile, a previous study has shown that piRNAs are stably expressed in blood serum and plasma (Yang et al., 2015) . We were intrigued to investigate whether mmu_piR_003399 was expressed in blood serum and plasma and whether it can serve as a potential biomarker for MC-LR-induced toxicity. Our data show that mmu_piR_003399 was stable in blood serum and plasma. Besides, an increased expression of mmu_piR_003399 was observed in MC-LR-treated mice. We observed a relationship between mmu_piR_003399 in blood and the MC-LR-induced toxicity. However, the evidence was not strong enough to confirm that this biomarker could be used for screening MC-LR-induced reproductive system toxicity. Some limitations do exist in this study. For example, the exact half-life of mmu_piR_003399 in blood is unknown. Additional research utilizing different MC-LR toxicity models is needed to further explore their potential translatability to replace other commonly used preclinical markers.
In summary, this study revealed an important correlation between piRNA and MC-LR-induced reproductive toxicity. We confirmed the role of mmu_piR_003399 in regulating MC-LRinduced cellular toxicity. Interfering with the intracellular expression of mmu_piR_003399 may protect germ cells from the toxic effects of MC-LR. Moreover, our data support the stable presence of mmu_piR_003399 in blood serum and plasma, which may have diagnostic implications. Our study may provide initial clues enabling further functional characterization of piRNAs in male reproductive system toxicity.
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